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ABSTRACT
Lab-on-a-chip devices have been increasingly used in the past two decades for
chemical and biomedical analysis. These devices employ the concepts of microfluidics
and offer the promise of incorporating multiple laboratory processes onto a single
portable chip. Electric field has been often employed in microfluidic devices for the ease
of fluid and sample control as well as the convenience of chip integration and interfacing.
Flow instabilities can take place when two fluids of unequal electrical properties are
pumped through a microchannel under the application of an adequately strong electric
field. The study of these electrokinetic instabilities in microfluidic devices is not only
significant to fundamental research but also relevant to practical applications such as
sample mixing.
In this work an experimental investigation of the electrokinetic instability between
co-flowing ferrofluid and DI water in a T-shaped microchannel is carried out. The effects
of the applied DC electric field and the ferrofluid concentration on the flow pattern are
examined. For each concentration of ferrofluid, pure diffusion happens until a certain
value of electric field, above which instability waves are generated at the interface of the
ferrofluid and DI-water flows and convected downstream. Moreover, these waves
become more irregular and even chaotic with the increase in electric field. This threshold
electric field is found to decrease with the increase in ferrofluid concentration.
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Meanwhile, a two-dimensional transient numerical model using commercial
solver COMSOL 4.3b is also developed to simulate the electrokinetic instability
phenomenon by employing the electrical conductivity difference between DI water and
ferrofluid. Theoretical analysis of the equations governing electrokinetic flows show that
free charges are generated in a fluid with conductivity gradients in the presence of
electric field. The action of electric field on these free charges result in Coulomb force
that generates instability when strong enough. The effect of electric field on the flow is
simulated and the threshold electric field is found through a series of simulations for each
ferrofluid concentration. The simulation result trend is in good agreement with the
experiments, but the numerical model under predicts the threshold electric field found
through experiments.
Furthermore, the effect of permittivity variation between ferrofluid and DI-water
is included in the numerical model to understand its influence on the electrokinetic
instability pattern and threshold electric field. Theoretical analysis shows that the
presence of permittivity gradient can also induce an electrical force in the bulk fluid in
the presence of electric field. This force is opposite to that generated by the conductivity
gradient, and hence serves to stabilize the flow, which should lift the threshold electric
field for electrokinetic instability. Such an influence is, however, found to be
insignificant through the numerical model accounting for both conductivity and
permittivity gradients.
The numerical model assumes ferrofluid as a continuous fluid and hence the
electrophoretic and magnetophoretic forces experienced by the nanoparticles are not
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incorporated. A brief study about the effects of these factors on the threshold electric
field indicates their insignificant influence. The possible deviation in the diffusion
coefficient of ferrofluid is also investigated in the numerical model, whose influence is
also found to be inconsequential. It is supposed that the top and bottom wall effects on
the electrokinetic instability should be taken into consideration by the use of a threedimensional numerical model.
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CHAPTER ONE
INTRODUCTION
1.1 Objective and Motivation
In recent years, microfluidic devices gained significance because of the
advancements in micro-fabrication technologies and emphasis on enhancement of
chemical and biological analysis through miniaturization. Lab-on-a-chip (LOC), a rapidly
growing research area, refers to a network of microchannels, electrodes, and sensors built
onto an integrated micro-fluidic chip of a few millimeters in size that can accomplish the
purposes of a room-size chemical or biological laboratory. These Lab-on-a-chip devices
greatly reduce the constituents of experiments thereby leading to reduction in the cost for
carrying out the experiment in addition to improved effectiveness and increased
portability (Li 2004). Electro-osmotic flow, which transports fluids by use of an electric
field, has received much attention because of its ease and effectiveness in pumping and
controlling the fluids in LOC devices.
Microfluidic devices like sample mixers involve simultaneous flow of more than one
fluid with different properties at low Reynolds number. Instabilities in such mixers
involving ferrofluid and DI water have so far been achieved by the application of
magnetic fields. It has been observed in our recent experiments that instabilities and
effective mixing in such flows can also be achieved under the action of electric field. The
flow loses its stability when the electric field, applied to induce electro-osmotic flow is
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sufficiently strong thereby enhancing the mixing efficiency. There are also applications
like particle focusing, sorting and counting involving electro-osmotic driven co-flowing
ferrofluid and DI water where instabilities deteriorate process efficiency. Hence an
understanding of the factors that lead to flow instability will enable efficient design of
these LOC applications.
When the applied electric field is strong enough, working fluids with spacial
gradients in electrical properties become unstable and this class of instabilities is
classified as electrokinetic instabilities. Experiments with an electrical field orthogonal to
the conductivity gradient showed the existence of a threshold field beyond which the
flow becomes unstable (Chen et al. 2003). Linear stability analysis and numerical
simulations considering the conductivity variation of the two streams confirmed the
experimental observations (Lin et al. 2004). The objective of the present study is to
investigate through experiments and numerical simulations, the electrokinetic instability
phenomenon between ferrofluid and DI water, considering the effects of electric field and
ferrofluid concentration, establish the threshold electric field for instability and to
understand the physics behind the onset and evolution of the phenomenon.

1.2 Ferrofluids
A ferrofluid is a liquid that gets strongly magnetized in the presence of an externally
applied magnetic field. Ferrofluids contain magnetic nanoparticles suspended in a carrier
fluid, usually an organic solvent or water. The nanoparticles are made from ferromagnetic
or ferromagnetic materials. Each nanoparticle is thoroughly coated with a surfactant to
inhibit agglomeration and maintain fluidity even under strong magnetic fields. The
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magnetic attraction of nanoparticles is weak so that the surfactant's Van der Waals
force is enough to prevent magnetic clumping. Ferrofluids generally do not preserve
magnetization in the absence of an externally applied field and hence are frequently
categorized as superparamagnets rather than ferromagnets.
The particles in a ferrofluid are suspended by Brownian motion and generally will
not settle under standard conditions. The location of ferrofluids can be controlled
precisely through the application of an external magnetic field and could be made to flow
by fluctuating the strength of the applied field. Ferrofluids can assume any geometry thus
finding applications in a wide range of fields. EMG 408 (Ferrotec Corp.), a water based
ferrofluid is used in the current study to demonstrate the electrokinetic instability.

1.3 Background on Electrokinetic Phenomena
1.3.1 Electric Double Layer
A solid surface in contact with an aqueous medium typically acquires a surface
electric charge by means of many mechanisms such as ionization, ion adsorption and ion
dissolution (Probstein 1994). This charge acquisition by the surface influences the
distribution of ions in the adjacent aqueous medium. Depending on the nature of charge
acquired by the surface, oppositely charged ions (counter-ions) are attracted and like
charge (co-ions) are repelled from the surface. The resulting distribution of ions creates
an electric double layer (EDL) consisting of a closely bound compact (stern) layer and a
secondary diffuse layer as shown in Fig. 1.1. The thickness of this diffuse charged double
layer is characterized by the Debye length. Because of the excess number of counter-ions
than the co-ions close to the surface, EDL locally exhibits a net charge counteracting the
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surface charge (Kang and Li 2009). The electric potential at the edge of the compact layer
is known as zeta potential of wall (ζ). This serves as an approximate potential at the wall
itself (Karniadakis et al. 2006).

Figure 1.1 Schematic of an electrical double layer. Positive ions shown in purple
color and negative ions in green.
1.3.2 Electro-osmosis
Movement of liquid relative to a stationary charged surface under the action of an
electric field is called electroosmosis. When an external electric field is applied to a fluid
in contact with a charged surface, Coulomb force acts on counter-ions in the diffuse layer
resulting in their migration towards the oppositely charged electrode (Kang and Li 2009)
as shown in Fig. 1.2. This electromigration of the charged ions causes viscous shearing of
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the adjacent liquid molecules resulting in bulk motion of the fluid. This motion can be
modeled by using Helmholtz-Smoluchowski slip velocity given by Eq. (1.1) under thin
electrical double layer assumption (Probstein 1994).

(1.1)
where

is the electroosmotic velocity,

potential of the wall,
viscosity of the fluid and

is the permittivity of the fluid,

is zeta

is the tangential component of the electric field,

is the

is the electro-osmotic mobility.

Figure1.2 Schematic representation of electro-osmotic flow with the characteristic
plug velocity profile.
1.3.3 Concept of Electrical Body Force and Free Charge Density
Electrical body force per unit volume for an incompressible liquid is given by Eq.
(1.2) (Stratton 2007).
| |
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(1.2)

where

is the electrical body force vector,

is the charge density and

is the electric

field vector. The electrical body force consist of two parts, namely a coulomb force (first
term) generated due to accumulation of free charges and a dielectric force (second term)
solely due to permittivity gradients. According to the poisson equation, free charges are
generated in the bulk fluid in the presence of an electric field or electrical permittivity
gradients as shown in Eq. (1.4). Variation of electrical conductivity gives rise to electric
field gradients and thus contributes to free charge generation.
(
(

)

)

(1.3)
(1.4)

The action of an electric field on free charges results in a Coulomb force whereas
the action of an electric field on a permittivity gradient generates a dielectric force. These
forces when strong enough impart velocity fluctuations to the flow that result in
instability. The body force term is added to the Navier Stokes equation to include the
effect of electrical body force on flow.

1.4 Survey of Literature
Fluid instabilities by nature are an interesting phenomena to study. Investigations on
fluid instability started as early as in the nineteenth century motivated by a wide range of
occurrence from turbulence in real flows to stability anticipated in hydrodynamic theories
of matter (Darrigol 2002). Fluid Flows in microfluidic Lab-on-chip devices, characterized
by low Reynolds number, are generally stable because of dominant viscous damping
(Knight 2002) and mixing between different species happens predominantly due to
diffusion. Electroosmotic flow in a microchannel happens due to the action of an electric
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field on the electrical double layer formed at the solid liquid interface and it proves to be
a promising method to pump fluids through microfluidic devices (Kirby 2010).
Instabilities are generated under certain conditions when two liquids with different
properties are pumped electroosmotically through microchannels. These instabilities can
be classified as electrohydrodynamic instabilities (Lin et al. 2004) which occur due to the
electrical body forces generated by the action of electric field on the conductivity and
permittivity gradients in the flow. Two miscible fluids with identical mechanical
properties but disparate diffusive exponential (Hoburg and Melcher 1976) or linear
(Baygents and Baldessari 1998) distribution of fluid conductivity at the interface results
in internal electrohydrodynamic instability in the presence of an orthogonal electric field
and conductivity gradients. Conductivity gradients in the presence of an electric field
generate free charges, on which the Coulombic force acts resulting in unstable motion.
Despite the observation of flow instabilities in electrokinetic systems, there was no
detailed model to capture the dynamics of such instability until a decade before. For the
first time a quantitative dynamic model which explains the interactions between free
charges

accumulation,

electromigration,

convection

and

diffusion

recognizing

conductivity gradient as the cause of instability was developed (Chen et al. 2003). Flow
in a long rectangular cross-section channel in which working electrolytes with gradients
in conductivity are pumped and controlled becomes unstable under the action of
adequately strong electric field called the critical electric field (Lin et al. 2004). Depthaveraged governing equations subjected to a linear stability analysis (LSA) shows
unstable Eigen modes for conductivity ratios 1.01 for a high aspect ratio flow geometry
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with a base state with conductivity gradient orthogonal to the electric field (Oddy and
Santiago 2005). Scaling analysis and computational results of electrokinetically driven
electrolytes revealed two crucial parameters controlling the instability. The onset of
instability depends on ratio of dynamic to dissipative forces, and the convective versus
absolute nature of instability described by ratio of electroviscous to electro-osmotic
velocities (Chen et al. 2005). A three-dimensional linear analysis shows that viscous
stress in channels thin in the direction orthogonal to the main flow and the conductivity
gradient introduce a stabilizing force that plays a major role in determining the overall
instability (Lin et al. 2004).
Fluids mixing in microchannels difficult to achieve otherwise can be attained by
exploiting the concept of electrokinetic instability where fluids with dissimilar electrical
properties are subjected to an electric field (El Moctar et al. 2003). A strong vortex whose
direction depends on the direction of conductivity gradient and electric field may allow
fast mixing in high electric field (Park et al. 2004). Electrokinetic instability phenomenon
can be employed for effective mixing of fluids by introducing a time period electric field
generated by the sum of a static field and an alternating field in which the frequency of
applied electric field act as a key parameter (Shin et al. 2005). Significant enhancement in
mixing can be achieved by setting the oscillation of electric field at the natural frequency
(Vasudevan and Vasisht 2009). Higher mixing efficiency can be achieved also by
manipulation of microchannel geometry like using a herringbone shape cavities resulting
in increased amount of free charges at each corner of the cavity that enhances the
Coulomb force responsible for instability (Park et al. 2005). The molecular diffusion is
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known to suppress the onset and development of instability by reducing the electrical
body force (Lin et al. 2004). But molecular diffusion is found to have a dual role in the
onset and development of instability and plays an important role in making evolution of
wave regular and deterministic (Kang et al. 2006). The basic mechanism along with
different factors of electrokinetic instability like the effects of field alignment, velocity
scale, dimension of channel, periodic forcing and multiple species are reviewed (Lin
2009).
Addition of charged colloidal particles to a solution can alter the electrical properties
of a solution like conductivity, permittivity and electrophoretic mobility (Posner 2009).
Thus electrokinetic instability can be generated between two samples with colloidal
volume fraction gradient. At a critical electric Rayleigh number, the forces responsible
for stretching and folding of the fluid interface outstrips the viscous damping effects
resulting in an unstable flow (Navaneetham and Posner 2009). Ferrofluids contain
magnetic nanoparticles suspended in a carrier fluid. The addition of magnetic
nanoparticles to the carrier fluid drastically changes the properties which lead to
occurrence of electrokinetic instability.
There are a lot of microfluidic applications like micromixers and flow cytometry
where ferrofluid flows alongside another fluid (most often DI water) and both fluids are
driven either by pressure difference or electroosmosis. In applications like micromixer,
instabilities can be introduced in the system both actively and passively to enhance the
mixing process. Research has been reported on the use of magnetic fields to create
instability in ferrofluids and thereby enhance mixing efficiency. Instability in the form of
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extremely fine fingering structures were observed experimentally when an AC
electromagnetic field is applied across ferrofluid and Rhodamine B leading to increased
mixing efficiency (Wen et al. 2009). Numerical modeling using a permanent magnet
mimicked the fingering patterns observed in experiment (Fu et al. 2010). Key parameters
such as magnetic flux density, flow rate ratio and viscosity ratio are known to have an
impact on mixing efficiency between a water-based ferrofluid and a mixture of DI water
and glycerol in a uniform magnetic field. Disparity of magnetization resulting from
variation in concentration of magnetic nanoparticles will act as the driving force for
mixing (Zhu and Nguyen 2012).
In contrast to mixing applications where instabilities are intentionally induced since
the occurrence of instability is an advantage, there are applications in flow cytometry like
particle detection, separation, sorting and manipulations where occurrence of instabilities
will severely affect the process efficiency. Electroosmotically driving those fluids in flow
cytometry applications prove to be cost effective and easy to manipulate compared to use
of mechanical pumps. Currently no research specifically focused on electrokinetic
instabilities between electroosmotically driven ferrofluids and DI water has been
reported. A deep knowledge of parameters that govern the onset of instability in these
electroosmotically driven two-fluid applications will act as design guidelines to
effectively design microfluidic lab-on-a-chip devices. Electrokinetic instability
phenomenon between ferrofluid and DI water will be explored in the following chapters.
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CHAPTER TWO
EXPERIMENTAL INVESTIGATION
2.1 Introduction
This chapter deals with experimental investigation of electrokinetic instability
between ferrofluid and DI water. First, the microchannel fabrication and preparation of
different ferrofluid concentrations used for experiment are briefed. An overview of the
experimental technique is then explained. The threshold electric field and the pattern of
instability for 0.1X, 0.2X and 0.3X by volume of EMG408 ferrofluid are portrayed.
Finally the conductivity values of ferrofluid for different concentrations required to carry
out the numerical simulation, measured using Fisher Scientific™ Accumet™ AP85
Portable Waterproof pH/Conductivity Meter are tabulated and the relation between
conductivity and concentration is presented.

2.2 Experiment
2.2.1 Microchannel Fabrication
The microchannel used for experiments was a T-junction channel with two inlets
and one outlet. Fabrication of microchannel was done by the standard soft lithography
technique using liquid polydimethylsiloxane (PDMS). Preparation of Master was the first
step in microchannel fabrication and it required a photomask that was bought from
CAD/Art Services Inc; a supplier of high quality photomask and phototools. The channel
geometry shown in Fig. 2.1 was drawn in AutoCAD and printed onto a transparent thin
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film at a resolution of 10,000 dpi by CAD/Art Services, Inc to make photomask. SU-8-25
Photoresist (MicroChem) was spin-coated (WS-400B-6NPP/LITE, Laurell Technologies)
to a clean glass slide. The process started at 500 rpm for 10 s and ramped by 300 rpm/s to
the terminal spin speed of 1000 rpm with a dwelling of 28.3s yielding a nominal
thickness of 40 µm. After spin-coating, the slide was baked on hotplates (HP30A, Torrey
Pines Scientific) employing two steps of soft bake (65°C for 5 minutes and 95°C for 15
minutes).
The photoresist film was then exposed to 365nm UV light (ABM Inc.) through
the negative photomask for 30s and then subjected to another two-step hard bake (65 °C
for 1 minute and 95°C for 4 minutes). After the hard bake, the photoresist was developed
in SU-8 developer solution (MicroChem) for 10 minutes, leaving a positive replica of the
microchannel on the glass slide. The slides were subjected to another two-step hard bake
(65 °C for 1 min and 95 °C for 5 min) after briefly rinsing them with Isopropyl alcohol
(Fisher Scientific), The cured photoresist called master was then ready to be used as mold
of the microchannel.
The channel mold was positioned into a Petri dish and covered with liquid PDMS,
a mixture of Sylgard 184 and the curing agent at a 10:1 weight ratio before being
degassed for 15 minutes in an isotemp vacuum oven (13-262-280A, Fisher Scientific).
The liquid PDMS was cured in a gravity convection oven (13-246-506GA, Fisher
Scientific) for 3 hours at 70°C after the degassing process. After curing, the PDMS
covering the complete microchannel was cut with a scalpel and peeled off from the mold.
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Figure 2.1 Schematic of T-junction microchannel geometry printed onto photomask.

Figure 2.2 Picture of T-junction microchannel (filled with green food dye for clarity)
used in experiments.
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Next, three holes were punched into the PDMS cast two for the inlets and one for
outlet to serve as reservoirs using metal punch. The channel surface of the PDMS and a
clean glass slide were then plasma treated (PDC-32G, Harrick Scientific) for one minute.
Immediately after the treatment, the two surfaces were bonded irreversibly to form the
microchannel. Once sealed, DI water was dispensed into the channel by capillary action
to clean the channel and preserve the wall surface properties. Fig. 2.2 shows a picture of
the fabricated channel used for the experiments. The total length of each side channel is
8mm with a width of 100 µm, whereas the main channel length is 10 mm with a width of
200 µm. The depth of channel is 40 µm throughout (Lu et al. 2014).
2.2.2 Ferrofluid Preparation
The electrokinetic instability between ferrofluid and water was studied using three
different concentrations of ferrofluid namely 0.1X, 0.2X and 0.3X by volume of original
ferrofluid. A total of 100µL of each concentration was prepared by adding 10µL, 20µL
and 30µL of original ferrofluid to 90µL, 80µL and 70µL of DI water to get 0.1X, 0.2X
and 0.3X respectively and mixed using Fixed speed vortex mixer (Fisher Scientific).
2.2.3 Experimental Technique
The electrokinetic instability between ferrofluid and DI water in the T-junction
microchannel was achieved by application of an electric field. Ferrofluid and water were
filled separately in side channel reservoirs and allowed to flow through main channel to
outlet reservoir making an interface along the centerline of main channel. Pressure-driven
motions were then eliminated by carefully balancing the liquid heights in the inlet and
outlet reservoirs prior to application of field. Function generator (33220A, Agilent
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Technologies) combined with a high-voltage amplifier (609E-6, Trek) was used to apply
electric field through both inlets. The evolution of instability in the microchannel was
visualized using inverted microscope (Nikon Eclipse TE2000U, Nikon Instruments), and
videos were recorded using CCD camera (Nikon DS-Qi1Mc) at a rate of 15 frames per
second. The captured videos and images were then processed using the Nikon imaging
software (NIS-Elements AR 2.30). The experiment was carried out for different values of
applied field at inlets starting from a very low value and increasing the field to find the
threshold electric field, at which instability happens.

2.3 Results and Discussion
Experiments were carried out for three different ferrofluid concentrations namely
0.1X, 0.2X and 0.3X each with DI water and the pattern of instability at different
instances for the three cases are presented here.
2.3.1 Case (i) C=0.1X
To find the threshold field for 0.1X ferrofluid, applied field at inlet was increased
from 10000 V/m at increments of 50 V/m and the behavior of system was observed
through microscope and recorded for each electric field. No signs of instability were
exhibited up to 19400 V/m. Since instability happens at the interface between ferrofluid
and DI water, the region of main channel near the T-junction is the area of primary
interest. Hence the videos were captured by focusing the microscope to this region. At
19400 V/m mixing between ferrofluid and water occurred because of pure diffusion. The
transparent region in snapshots is the region occupied by water whereas gray area is
ferrofluid. Four different instances for applied field of 19400 V/m are shown in Fig. 2.3.
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(a)

(b)

(c)

(d)

Figure 2.3 Snapshots of experiment videos for 0.1X ferrofluid with DI water for
19400 V/m at different instances: (a) 1sec (b) 4sec (c) 8sec (d) 12sec.
At 19650 V/m instability seemed to happen intermittently but not consistent. Fig.
2.4 shows different instances for an applied field of 19650 V/m where intermittent
instabilities happen and disappear. This can be attributed to the fact that the system is in
transition state from stable to unstable flow at this field. Hence even a small disturbance
due to debris was found to generate instability. With further increase in applied field, at
19900 V/m consistent and periodic instability waves were generated at the junction and
convected downstream. This electric field at which consistent periodic instability waves
are generated is designated as threshold electric field for this ferrofluid concentration.
Fig. 2.5 shows snapshots of videos from experiment at different time instances. It is
evident from figure that instability waves are generated near the junction and grow in size
as they get convected downstream.
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(a)

(b)

(c)

(d)

Figure 2.4 Snapshots of experiment videos for 0.1X ferrofluid with DI water for
19650 V/m at different instances: (a) 1sec (b) 3sec (c) 8sec (d) 12sec.

(a)

(b)

(c)

(d)

Figure 2.5 Snapshots of experiment videos for 0.1X ferrofluid with DI water for
19900 V/m at different instances: (a) 1sec (b) 4sec (c) 8sec (d) 12sec.
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Further increase in field generated rich dynamic instability features and when
applied field reached a very high value (say 50000 V/m) system exhibited a chaotic
behavior as shown in Fig. 2.6. The threshold electric field for 0.1X ferrofluid was thus
found to be approximately around 19900 V/m.

(a)

(b)

(c)

(d)

Figure 2.6 Snapshots of experiment videos for 0.1X ferrofluid with DI water for
51700 V/m at different instances: (a) 1sec (b) 4sec (c) 8sec (d) 12sec.
2.3.2 Case (ii) C=0.2X
A series of similar experiments were carried out for 0.2X ferrofluid with DI
water. Pure diffusion happened until 16000 V/m whereas at 16300 V/m the system was
found to be in transition showing intermittent waves. At 16550 V/m the instability waves
are periodic and further increase in field resulted in chaotic behavior. Snapshots of
experiment videos for 0.2X at different instances for different applied fields are presented
in Fig. 2.7 through Fig. 2.10.
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(a)

(b)

(c)

(d)

Figure 2.7 Snapshots of experiment videos for 0.2X ferrofluid with DI water for
16000 V/m at different instances: (a) 1sec (b) 4sec (c) 8sec (d) 12sec.

(a)

(b)

(c)

(d)

Figure 2.8 Snapshots of experiment videos for 0.2X ferrofluid with DI water for
16300 V/m at different instances: (a) 1sec (b) 2sec (c) 4sec (d) 8sec.
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(a)

(b)

(c)

(d)

Figure 2.9 Snapshots of experiment videos for 0.2X ferrofluid with DI water for
16550 V/m at different instances: (a) 1sec (b) 4sec (c) 8sec (d) 12sec.

(a)

(b)

(c)

(d)

Figure 2.10 Snapshots of experiment videos for 0.2X ferrofluid with DI water for
51700 V/m at different instances: (a) 1sec (b) 4sec (c) 8sec (d) 12sec.
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2.3.3 Case (iii) C=0.3X
Similar experiments carried out 0.3X ferrofluid with DI water showed pure
diffusion until 15000 V/m, transition at 15500 V/m, periodic instabilities at 15750 V/m
and strong instabilities above 15750 V/m. Snapshots of experiment videos for 0.3X at
different instances for different applied electric fields are presented in Fig. 2.11 through
Fig. 2.14.

(a)

(b)

(c)

(d)

Figure 2.11 Snapshots of experiment videos for 0.3X ferrofluid with DI water for
15000 V/m at different instances: (a) 1sec (b) 4sec (c) 8sec (d) 12sec.
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(a)

(b)

(c)

(d)

Figure 2.12 Snapshots of experiment videos for 0.3X ferrofluid with DI water for
15500 V/m at different instances: (a) 1sec (b) 4sec (c) 12sec (d) 16sec.

(a)

(b)

(c)

(d)

Figure 2.13 Snapshots of experiment videos for 0.3X ferrofluid with DI water for
15750 V/m at different instances: (a) 1sec (b) 4sec (c) 8sec (d) 12sec.
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(a)

(b)

(c)

(d)

Figure 2.14 Snapshots of experiment videos for 0.3X ferrofluid with DI water for
51700V at different instances: (a) 1sec (b) 4sec (c) 8sec (d) 12sec.

2.4 Experimental Ferrofluid Conductivity Measurements
The variation of electrical conductivity with concentration was required for the
numerical simulation employing the conductivity difference. Conductivity values for a
set of ferrofluid concentrations from 0.002 to 0.3 times by volume were measured
experimentally using Fisher Scientific™ Accumet™ AP85 pH/Conductivity Meter. The
measured values of ferrofluid conductivities are tabulated in Table 2.1. Zero
concentration in the table corresponds to pure DI water. Fig. 2.15 shows graphically the
variation of conductivity with concentration. A linear fit obtained using Microsoft excel
shows that Conductivity varies almost linearly with concentration with very good R2
value. Hence a linear variation of electrical conductivity with concentration was assumed
for the numerical simulation.
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Ferrofluid
concentration

Conductivity (µS/cm)
Trial 1 Trial 2

Average

0.3

1583

1575

1579

0.2

1151

1155

1153

0.1

556

560

558

0.05

273

275

274

0.02

135

135

135

0.01

71

71

71

0.005

59

60

59.5

0.002

46

45

45.5

0

29

30

29.5

Table 2.1 Measured values of electrical conductivity for different ferrofluid
concentrations.

Eelctrical Conductivity (µS/cm)

Variation of conductivity with concentration
1800

y = 5293.9x + 29.721
R² = 0.9975

1600
1400
1200
1000
800
600

Conductivity
Linear (Conductivity)

400
200
0
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

Ferrofluid concentration (Volume fraction)
Figure 2.15 Variation of electrical conductivity of ferrofluid with concentration.
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2.5 Summary
The threshold electric field values for 0.1X, 0.2X and 0.3X by volume of EMG 408
ferrofluid found experimentally are tabulated in Table 2.2. The threshold electric fields
were found by visual examination of the flow in microchannel and hence the presented
results represent an approximate value around which instability happens.
Ferrofluid
Concentration

Threshold electric field
(V/m)

0.1X

19900

0.2X

16550

0.3X

15750

Table 2.2 Threshold electric field for each ferrofluid concentration obtained from
experiment.

Threshold electric field (V/m)

Threshold electric field Vs Concentration
22000
20000
Experiment
18000
16000
14000
12000
10000
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

Ferrofluid concentration (Volume fraction)
Figure 2.16 Variation of threshold electric field with ferrofluid concentration
obtained from experiment.
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Fig. 2.16 showing graphically the variation of threshold electric field with
concentration exhibits a clear trend of nonlinear decrease in threshold electric field with
increase in concentration. An attempt was made to predict the threshold electric field for
different concentration through numerical simulation which will be detailed in the
subsequent chapters.
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CHAPTER THREE
NUMERICAL SIMULATION EMPLOYING CONDUCTIVITY
DIFFERENCE
3.1 Introduction
This chapter deals with computational study of electrokinetic instability between
ferrofluid and DI water employing difference in conductivity between them. Firstly, the
equations that govern the electrokinetic instability phenomena are briefly discussed along
with the assumptions made. Then the numerical model created in COMSOL is detailed.
A theoretical analysis to gain insight of the mechanism of instability is done. The results
of simulations for three concentrations of ferrofluid 0.1X, 0.2X and 0.3X by volume of
1.2% EMG 408 ferrofluid are presented and interpreted. Finally the threshold electric
field for each concentration is compared with experimental results and inadequacies of
this model are deliberated.

3.2 Governing Equations
The gradient of conductivity within the microchannel in the presence of an applied
electric field is known to induce free charges which when acted upon by electric field
generates a Coulombic electric body force on flow. This body force alters the characters
of flow and result in instability. To capture this physics of two different miscible liquids
driven through the microchannel by electroosmosis, equations for electric field, flow field
and species distribution need to be solved throughout the domain. The following
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assumptions are made for the numerical simulation. The permittivity and zeta potential of
ferrofluid are assumed to be same as that of water. Electrical conductivities of ferrofluid
for different concentrations are measured experimentally using Fisher Scientific™
Accumet™ AP85 pH/Conductivity Meter. The vector quantities in the subsequent
sections are represented in bold font to enable clear understanding of the equations.
3.2.1 Electric Field Equation
In quasi-electrostatic condition which governs our case, the electric field can be
separated from the magnetic field and the Maxwell’s equations can be simplified as
follows (Saville 1997; Melcher 1981).
(

)

(3.1)
(3.2)
(3.3)

where

is the electric field vector,

is the electrostatic potential,

is the free

charge density,

is the electrical permittivity, t is the time and is the current density. In

our problem the diffusional and convectional currents are insignificant compared to
conductional currents and the current density can be expressed as shown in Eq. (3.4)
(Melcher 1981; Castellanos et al. 2003).
(3.4)
where

represents the electrical conductivity. Since we are dealing with DC electric

field, the first term of the equation (3.3)

which is the displacement current, can be
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neglected (Saville 1997; Melcher 1981; Castellanos et al. 2003) in a micro-scale system
so that the electrostatic potential will satisfy Eq. (3.5).
(

)

(3.5)

Under quasi-electroneutrality assumption, we will use the Eq. (3.5) instead of Poisson
equation Eq. (3.1) to calculate the electric field.
3.2.2 Flow Field Equation
Unsteady incompressible viscous Navier Stokes equations are used to analyze the
flow field. The continuity and the momentum equation are
(3.6)
(3.7)
where

is the density, u is the velocity vector, p is the pressure and

is the dynamic

viscosity. The flow is driven by electroosmotic phenomenon and it enters the equation
through boundary condition. The last term in the momentum equation,
Coulomb force and it can be rewritten as (

)

is the

making use of Poisson equation and

the fact that permittivity is constant. The dielectric force is zero because of constant
permittivity.
3.2.3 Species Conservation Equation
Since there is no chemical reaction and ionic species generation, the conservation
of species at a point is given by
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(3.8)
where D is the diffusivity and c is the concentration. This equation is used to track the
concentration of species spatially and the corresponding value of electrical conductivity
is fed into the electric field equation with the help of linear relation between
concentration and conductivity.
3.2.4 Coupling Between Physics
The electrokinetic flow involves a three way coupling between the electric field,
flow field and species conservation. A good understanding of the coupling will enable
effective computational modeling and better insight of instability mechanism. Let us
consider first how the electrokinetic phenomenon happens physically. When a solid phase
comes in contact with an aqueous phase, the solid phase acquires a surface electric
charge. This affects the distribution of charges in the vicinity of the surface and leads to
the formation of electric double layer. When an external voltage is applied between inlet
and outlet, electric field corresponding to the conductivity distribution is generated. The
action of generated electric field on electric double layer initiates the flow which is
basically a wall driven slip flow whose slip velocity depends on the local electric field.
The flow is responsible for the convection and diffusion of species inside the
microchannel. This results in spatial variation of species concentration and hence
conductivity, which in turn affects the electric field distribution and the process goes on.
The same methodology is followed in the computational model. First the electric
field equation is solved based on local conductivity values. The solved electric field is
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used to calculate the Helmholtz-Smoluchowski slip velocity. The flow field is obtained
by solving the Navier Stokes equation with the calculated slip velocity as boundary
condition. The velocity field from NS equation is used to solve the species conservation
equation thereby getting the concentration field. The conductivity value corresponding to
the concentration field is used again to solve the electric field equation and the loop
continues.

3.3 Numerical Model
3.3.1 Computational Domain
The schematic of actual microchannel used in the experiment is shown in the Fig.
3.1. Instability happens only in the main channel where water and ferrofluid comes in
direct contact. Nothing interesting happens at the side channels and even downstream of
main channel far away from the junction. Wise choice of computational domain size will
greatly increase the computational efficiency.

Figure 3.1 Schematic representation of the actual microchannel used in experiment.
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A two-dimensional simulation with main channel length of 2mm and total side
channel length of 0.7mm near T-junction was carried out. Since the computational model
is only a portion of actual microchannel used in the experiment, the voltage applied in the
model will be much smaller than the voltage applied in the experiment for the same value
of electric field. A schematic of the computational domain drawn to scale is shown in the
Fig. 3.2.

Figure 3.2 Schematic representation of the microchannel geometry used for
numerical simulation.
3.3.2 Initial and Boundary Conditions
The set of coupled equations Eq. (3.5) to Eq. (3.8) were solved numerically using
the following initial and boundary conditions.
Boundary conditions:
Inlet 1:

( )

Inlet 2:

( )

Outlet:
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Wall:
Initial condition:
At t = 0:
where

is the zeta potential and f(x) is a smoothed step function defined in COMSOL

such that function value increases from 0 to 1 smoothly from time 0 to 0.02 seconds. f(x)
is multiplied with the inlet voltage so that the inlet voltage increases from 0 to specified
value over a time range of 0.02s. This is used to avoid a steep gradient in potential at two
inlets when the solution begins thereby facilitating the computation to progress smoothly.
A plot of the function is shown in the Fig. 3.3. Since electric potential is specified at inlet,
simulations are carried out for different values of inlet voltage. Electric field
corresponding to each voltage is presented in the results for easy understanding.

Figure 3.3 Plot of smoothed step function defined in COMSOL.
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All quantities in the initial and boundary conditions are dimensional except ‘c’ in
the species conservation equation. ‘c’ is a non-dimensional quantity which takes the
value of zero for pure water and one for pure ferrofluid. Any value between zero and one
will represent diluted ferrofluid in water. A linear relation was defined between
concentration c and electrical conductivity so that conductivity corresponding to the local
concentration can be fed into the electric field equation. Electric field values
corresponding to the electric potential applied to numerical model will be used to discuss
the results.
3.3.3 Properties of Ferrofluid and DI Water
The properties of 1.2% original ferrofluid (EMG 408) bought from the
manufacturer, Ferrotec and that of DI water are listed in Table 3.1. Table 3.2 lists the
values of constants used in simulation.
Property

EMG 408

Water

Unit

Density ( )

1070

1000

Kg/m^3

Dynamic Viscosity ( )

2e-3

1e-3

Pa*s

5323.6e-4

29.5e-4

S/m

Relative Permittivity ( )

80

80

No unit

Zeta Potential ( )

-0.1

-0.1

V

Electrical Conductivity ( )

Table 3.1 Properties of ferrofluid and DI water used in simulation employing
conductivity difference.
Property

Value

Unit

Permittivity of Free space ( )

8.85418e-12

C^2/J*m

1e-9

m^2/s

Diffusion Coefficient (D)

Table 3.2 Values of constants used in simulation employing conductivity difference.

34

Density and dynamic viscosity of EMG 408 were specified by the manufacturer.
Since ferrofluids are basically magnetic fluids, there were no established values for
electrical properties like electrical conductivity, permittivity and zeta potential. Electrical
conductivities of ferrofluid for different concentrations were measured experimentally
using Fisher Scientific™ Accumet™ AP85 Portable Waterproof pH/Conductivity Meter.
Electrical conductivity was found to vary linearly with concentration. Since EMG 408 is
a water based ferrofluid the permittivity and zeta potential are assumed to be that of
water. The diffusion coefficient calculated from the Einstein’s equation for hard spheres
was 4.39e-11 (m^2/s). But this equation do not take into account the strong interparticular
repulsion experienced by the nanoparticles due to the presence of anionic surfactant.
Hence the real diffusion coefficient of the ferrofluid will be much larger than predicted
by Einstein’s model (Derec et al. 2008 and Meriguet 2005). Hence a value of 1e-9
(m^2/s) was employed in the simulation (Wen et al. 2011).
The original 1.2% EMG 408 Ferrofluid is much concentrated and cannot be used
directly for the experiment and hence was diluted with water. The concentrations that are
used to demonstrate the electrokinetic instability in the current work are 0.1, 0.2 and 0.3
times by volume of the original 1.2% Ferrofluid. Since mixing happens in our case, we
need to know the variation of density, viscosity and conductivity with concentration over
the entire range. The variation of density, viscosity (Wen et al. 2011) and conductivity
(from measurement) with concentration are given by following expressions.
(
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)

(3.9)

(

(

)

(3.10)

)
(

(3.11)
)

(3.12)

where the subscript ‘f’ stands for ferrofluid and ‘w’ stands for water. Using the above
equations the properties of ferrofluid concentration used in the experiment were
determined and then same equations were used to model mixing.
3.3.4 Numerical Solver
The set of equations Eq. (3.5) to Eq. (3.8) were solved numerically using
boundary and initial conditions in finite element based commercial solver COMSOL 4.3b
over the computational domain shown in the Fig. 3.2. Default transient solver was
employed. Simulations were carried out for three different concentrations of ferrofluid
namely 0.1X, 0.2X, and 0.3X times by volume of original EMG 408 ferrofluid.
3.3.5 Grid Size and Time Step Selection
A grid size independence study was performed to employ a grid size that is small
enough to capture the physics of instability and big enough to run the simulation
efficiently. Grid size has to be chosen based on the velocity scale encountered in the
domain. Since we expect an increase in threshold electric field for instability with
decrease in ferrofluid concentration because of lower conductivity ratio, the velocity
scale would be maximum for 0.1X case. Hence we choose the 0.1X concentration for the
grid size independence study and use same mesh size for other concentrations. For 0.1X
ferrofluid the threshold voltage was found to be roughly around 22V for the
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computational model by using a grid size of 20µm which is very coarse. The simulation
was then carried out for a total time of 20 seconds with different sizes of structured mesh
using the same set of input parameters and the results are compared.
Since the equations governing instability are coupled and highly nonlinear, the
results are found to be very sensitive to mesh size. Hence comparing the results at a
particular instance for different mesh sizes turn out to be difficult. To overcome this
difficulty instead of comparing the transient results at an instance, time averaged results
are compared. Since the instability seems to be periodic with time, this approach is
justified. Time averaged velocity profile along various vertical sections across the main
channel, shown in Fig. 3.4 was compared for different mesh sizes.

Figure 3.4 Location of vertical sections considered for grid independence study.
As a representative plot, overlapped time averaged velocity profiles along section
C-C for different mesh sizes is shown in Fig. 3.5. It can be inferred that there is no
significant difference in the velocity profile between the mesh sizes 4µm and 2µm.
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Figure 3.5 Overlapped velocity profiles at section C-C for different mesh sizes for an
applied voltage of 22V.
Similar trend were observed in the time averaged velocity distribution along other
sections. Hence a structured grid of size 4µm would be small enough to capture the
physics of instability and large enough to perform the simulation effectively. Square
structured elements are used to mesh the main and side channels except the fillet areas.
Triangular elements are used to mesh the fillet region. Fig. 3.6 shows the mesh generated
using COMSOL. Based on the gradients present in the domain, COMSOL can
automatically calculate the time step size at each step and employs it for the simulation.
Hence a separate time step independence study was not required. A time step of 0.1s was
prescribed in the transient solver. COMSOL will calculate the time step and compare it
with prescribed value and employs the one which is smaller among the two.
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Figure 3.6 Mesh generated for numerical simulation in COMSOL.

3.4 Mechanism of Instability
Before deliberating the results of simulation, understanding of reason for onset of
instability and the mechanism of how it happens based on theoretical analysis of the
governing equations would act as a strong foundation for interpretation of the results. The
Coulomb force per unit volume in Navier Stokes equation

is solely responsible for

instability. The component form of it is shown in Eq. (3.13) and (3.14).
(3.13)
(3.14)
where

and

represents the x and y components of Coulombic body force,

and

represents the x and y component of electric field respectively. The charge density is a
scalar which is multiplied with electric field components to get the corresponding body
force per unit volume. Understanding the nature of free charge density using the poisson
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equation Eq. (3.1) is not straight forward. Expressing charge density in terms of
conductivity gradient will enable to interpret its nature. Eq. (3.5) used to calculate the
electric field is expanded using chain rule and rearranged as shown in Eq. (3.15).
(

)

(3.15)

Using the Poisson equation with assumption of constant permittivity,
(3.16)
Substituting Eq. (3.16) in Eq. (3.15) and rearranging,
( )(
(

)

(3.17)
)

(3.18)

Eq. (3.17) expressing charge density in terms of conductivity gradient shows that
free charges are generated only when electric field and conductivity gradient are not
orthogonal to each other. Eq. (3.18) is an extension of equation (3.17) in which the dot
product is expanded and this form would be used to demonstrate the instability.
To simply the physics involved, let’s assume that electric filed lines are always
parallel to the main channel so that

component is negligible (which later is shown to

be a reasonable assumption). A direct implication of this assumption is that
is negligible. The charge density term becomes

(

).

(

)

will always be

positive in the main channel region as the field lines start at the inlet and flow towards
outlet. At base state there will be a sharp interface between ferrofluid and water so that
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conductivity gradient in x direction ( ) is zero. When voltage is applied at both inlets
electric field will be generated momentarily because of the nature of equation used to
calculate electric field and

will be non-zero. At this instance there will be no

transverse diffusion of species (
diffuse. Thus

and in turn

) since it takes some time for the species to

will be zero resulting in no effect of body force term in

NS equation and no sign of instability.

Figure 3.7 Schematic representations of base state at t=0 sec (a) and state at t > 0 sec
(b) at the junction for conductivity difference.
When time progress (t > 0), the electroosmotic velocity will be fully developed
and transverse diffusion of species takes place resulting in non-zero conductivity gradient
in x direction inside the diffusion zone. Once the transverse diffusion takes place the y
component of electric field will not be zero but assumed to be negligible to make the
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analysis simple. A pictorial representation of base state and a state at time t > 0 near the
junction is shown in Fig. 3.7. The diffusion zone is greatly exaggerated for an easy
understanding.
Consider two regions y < 0 and y > 0 in the diffusion zone at t > 0. Since the
conductivity of ferrofluid is higher than that of water, at y > 0, ( ) will be positive and
hence

in turn

negative and hence

will be negative in the diffusion zone whereas at y < 0, ( ) will be
in turn

will be positive. The natures of these quantities are

summarized in Table 3.3. In the top half

is negative and hence has a decelerating

effect on the flow while at the bottom half it is positive thereby accelerating the flow. So
the net effect of this would be an anticlockwise vortex being imposed near the junction
which is responsible for the onset of instability (Kang et al. 2006).

Region

Zone

Junction(t =0)

y>0

(

)

(

) (

)

y<0
Junction(t > 0)

y>0
y<0

Table 3.3 Nature of different quantities responsible for instability at the T-junction
considering conductivity difference.
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These instabilities are convected and the waves grow in size downstream. This
theoretical analysis explains only about the onset of instability. Once the interface
deforms and the waves are convected
much involved. Even though

comes into play and the physics behind it gets

has influence in later stage, an analysis neglecting

shows some interesting characters. The interface deforms to form a wave like pattern and
gets convected as represented in Fig. 3.8.

Figure 3.8 Schematic representation of convected instability waves at downstream
for conductivity difference.
Consider two zones for a wave, namely fore region and rear region. At the fore
region, ( ) will be positive and hence

in turn

of a wave, ( ) will be negative and hence

in turn

will be negative whereas at the rear
will be positive. The natures of

these quantities are summarized in Table 3.4. In the fore half of the wave

is negative

and hence has a decelerating effect on the flow while at the rear half it is positive thereby
accelerating the flow (Kang et al. 2006). So the net effect of this would be alternate
regions of low and high pressure in the longitudinal direction.
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Region

(

Zone

)
Downstream

(

) (

)

Fore
Rear

Table 3.4 Nature of different quantities responsible for instability at downstream
considering conductivity difference.
It has to be emphasized again here that once the species diffuse, interface deforms
and instability waves are generated,

becomes significant but is assumed to be

negligible in this theoretical analysis.

3.5 Results and Discussion
The simulations were carried out for concentrations of 0.1X, 0.2X and 0.3X of the
original ferrofluid with DI water. Electric voltage is specified at inlet in the numerical
model and the corresponding electric field values are reported wherever necessary.
Threshold voltages for instability are found from simulations and the corresponding
electric field is designated as threshold electric field. At very low voltage there is no sign
of instability and just pure diffusion takes place. As the voltage is increased, instability
happens but damps out as time progress. This can be attributed to the fact that initially the
conductivity gradients are very high as it takes some time for the species to diffuse.
Coulomb force that is proportional to conductivity gradients will be dominant over
inertial force at this time and hence instability happens. As time progress, the species gets
diffused and hence the conductivity gradients and in turn the Coulomb force are not large
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enough to sustain instability. Thus molecular diffusion plays a major role in damping the
instability. When the voltage reaches a certain limit, conductivity gradients are strong
enough even after the diffusion sets in. The instabilities are sustained at this voltage and
is called the threshold voltage. The transition from damped instability to sustained
instability happens over a wide range of voltage and hence some graphical tools are
employed to find the approximate threshold voltage. All the voltages reported in this
section are for the computational model.
The Coulombic body force term added to the Navier Stokes equation is
responsible for instability. The body force term imparts a fluctuation to velocity which
turns out as instability. Hence monitoring the velocity magnitude at a point in the domain
for various applied voltages will give an insight of instability and assist in the process of
finding the threshold voltage. A monitoring point along the center line of main channel at
a distance of 500µm from the junction chosen for the study is shown in Fig. 3.9.

Figure 3.9 Location of monitoring point in the main channel chosen for study.
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3.5.1 Case (i) C=0.1X
The simulations were carried out for a total time of 20 seconds with 0.1X
ferrofluid and water for different applied voltages at the inlets. Fig. 3.10 shows the plot of
velocity magnitude at the monitoring point as a function of time for various applied
voltages.

Figure 3.10 Time evolution of velocity magnitude at monitoring point for 0.1X with
different inlet voltages.
It is evident from the figure that at very low voltage, say 5V there is no
fluctuation at all in the magnitude of velocity and once the plug flow is fully developed,
velocity is constant at that point. This constant velocity seen in the plot corresponds to the
electroosmotic velocity corresponding to 5V. For an increased applied voltage there is a
clear trend of velocity fluctuations imparted and damping out because of the reason
explained before. Further it can be recognized that the time taken for the velocity
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fluctuation to damp increases with applied voltage. At 22V the Coulombic force is strong
enough to sustain instability and the fluctuation becomes periodic after an initial phase.
At the initial phase the conductivity gradients were very strong because of less diffusion
which gives rise to higher amplitude of fluctuation. Once the diffusion process completes
and establishes a concentration field, sustained fluctuations can be seen. From the figure
it can be concluded that threshold voltage lies somewhere between 20V and 22V. For all
the voltages, the average value of velocity magnitude corresponds to the electroosmotic
velocity of corresponding voltages. It is evident from the plot that the average velocity
for each voltage increases with the applied voltage as is expected from the theoretical
formula for electroosmotic velocity.
By making a series of simulations varying the applied voltage from 20V to 22V at
an increment of 0.1V, the threshold voltage for numerical model was found to be 21.8V
and corresponding threshold electric field is 9519 V/m. The time evolution of instability
for four different voltages is presented in Fig. 3.11 along with corresponding electric field
values. The Concentration contours for a very low voltage (5V), a voltage at which
instability damps out (20V), threshold voltage (21.8V) and a voltage higher than
threshold voltage (24V) are presented. The legend for contours is provided in the last row
of table. A value of 1 represents pure ferrofluid and a value of 0 represents pure water.
The contours of 5V shows no sign of instability with just pure diffusion whereas the
contours of 20V initially shows some pattern of instability being generated but damps out
as time evolves. The contours of 21.8V show consistent and periodic instability and at
24V the amplitude of fluctuations are higher.
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Figure 3.11 Concentration contours of 0.1X ferrofluid with DI water for different
applied electric fields.

48

Results of threshold electric field (9519 V/m) just after the beginning of
simulation and at a later stage are further analyzed in detail. Fig. 3.12 shows the
concentration contour, velocity magnitude contour, electric field streamlines, charge
density contour and mixing efficiency contours at 0.1s.

(a)

(b)

(c)

(d)

(e)

Figure 3.12 Concentration distribution (a), velocity magnitude (m/s) (b), electric
field lines (c), charge distribution (C/m^3) (d) and mixing efficiency (e) for 0.1X at
9519 V/m after 0.1s.
The transverse diffusion of species has just begun and the field lines are parallel
to main channel throughout the length. The region of water shows a slightly higher
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velocity than ferrofluid because of the difference in viscosity employed in simulation.
Negative and positive charges are accumulated at the top and bottom of the interface
respectively near the junction which gives rise to Coulombic force by the action of
Electric field and generates an anticlockwise vortex that is responsible for the onset of
instability. This is in good compliance with the results of theoretical analysis. The
(

instantaneous mixing efficiency is given by
represents the mixing efficiency,

,

and

)

(

)(
(

)
)

, Where ME

are the instantaneous, higher and lower

concentrations respectively. Mixing efficiency value of 1 represents complete mixing and
0 represents no mixing.
Fig. 3.13 shows the results at 20s, an instance at which the species diffusion is
complete and sustained instability happens. The waves generated are periodic and orderly
at this stage. Analysis of different quantities at this stage will be helpful for the
realization of instability mechanism explained earlier. The contour lines are retained in
Fig. 3.13(b)-(f) to relate each quantity with spatial location of instability waves. Fig.
3.13(d) shows negative and positive charges being generated at the fore and rear of each
wave respectively. These charges acted upon by electric field generates the coulomb
forces which are negative and positive at the fore and rear of wave as depicted in Fig.
3.13(f). Hence the fore of wave is decelerated and rear is accelerated as evident from Fig.
3.13(b). A direct consequence of this phenomenon is regions of alternate low and high
pressure generated in the main channel having low pressure at each crest and high
pressure at each trough as evident from Fig. 3.13(e).
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

Figure 3.13 Concentration distribution (a), velocity magnitude (m/s) (b), electric
field lines (c), charge distribution (C/m^3) (d), pressure distribution (Pa) (e),
coulomb force vectors (f) and mixing efficiency (g) for 0.1X at 9519 V/m after 20s.
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It is also evident from Fig. 3.13(c) that y component of electric field is negligible
and hence the Coulomb force vectors are dominant along x direction. These results imply
that the assumption made for theoretical understanding of equations governing instability
that y component of electric field is negligible everywhere anytime in the main channel is
valid. Fig. 3.13(g) depicts the mixing efficiency which shows that there is almost 100%
mixing achieved at the end of main channel.
3.5.2 Case (ii) C=0.2X
The same set of systematic study was carried out for 0.2X. Fig. 3.14 shows the
time evolution of velocity magnitude at the monitoring point and it is evident for the plot
that threshold voltage lies in between 18V and 20V. Threshold voltage was found to be
18.4V by making a series of simulations for inlet voltages ranging from 18V to 20V at an
increment of 0.1V. The corresponding threshold electric field is 8034 V/m.

Figure 3.14 Time evolution of velocity magnitude at monitoring point for 0.2X with
different inlet voltages.
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Figure 3.15 Concentration contours of 0.2X ferrofluid with DI water for different
applied electric fields.
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Contours of concentration for different electric fields over a period of 20s are
presented in Fig. 3.15. Different quantities for 0.2X at 8034 V/m after 0.1s and 20s are
shown in Fig. 3.16 & 3.17 respectively. The results are in good agreement with the
theoretical analysis.

(a)

(b)

(c)

(d)

(e)

Figure 3.16 Concentration distribution (a), velocity magnitude (m/s) (b), electric
field lines (c), charge distribution (C/m^3) (d) and mixing efficiency (e) for 0.2X at
8034 V/m after 0.1s.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

Figure 3.17 Concentration distribution (a), velocity magnitude (m/s) (b), electric
field lines (c), charge distribution (C/m^3) (d), pressure distribution (Pa) (e),
coulomb force vectors (f) and mixing efficiency (g) for 0.2X at 8034 V/m after 20s.
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3.5.3 Case (iii) C=0.3X
A similar study was carried out for 0.3X. Fig. 3.18 shows the time evolution of
velocity magnitude at the monitoring point and it is evident for the plot that threshold
voltage lies in between 16V and 18V. Threshold voltage was found to be 17.4V by
making a series of simulations for inlet voltages ranging from 16V to 18V at an
increment of 0.1V. The corresponding threshold electric field is 7598 V/m. Contours of
concentration for different electric fields over a period of 20s are presented in Fig. 3.19.
Different quantities for 0.3X at 7598 V/m after 0.1s and 20s are shown in Fig. 3.20 &
3.21 respectively.

Figure 3.18 Time evolution of velocity magnitude at monitoring point for 0.3X with
different inlet voltages.
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Figure 3.19 Concentration contours of 0.3X ferrofluid with DI water for different
applied electric fields.
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(a)

(b)

(c)

(d)

(e)

Figure 3.20 Concentration distribution (a), velocity magnitude (m/s) (b), electric
field lines (c), charge distribution (C/m^3) (d) and mixing efficiency (e) for 0.3X at
7598 V/m after 0.1s.

58

(a)

(b)

(c)

(d)

(e)

(f)

(g)

Figure 3.21 Concentration distribution (a), velocity magnitude (m/s) (b), electric
field lines (c), charge distribution (C/m^3) (d), pressure distribution (Pa) (e),
coulomb force vectors (f) and mixing efficiency (g) for 0.3X at 7598 V/m after 20s.
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3.5.4 Comparison of Instability Pattern
A time accurate instantaneous comparison of instability pattern between simulation
and experiment was difficult to accomplish. A lot of factors can be attributed as a reason
for this. Most important among them was the fact that the simulation starts with a sharp
interface between ferrofluid and water whereas in the experiment the interface was
diffused even before the application of electric field. Moreover in simulation, results had
a range of colors from blue to red to clearly define different concentrations whereas in
experiments it was not possible. Hence an effort was made to match the pattern between
simulation and experiment without considering the exact time instance.
Fig. 3.22 shows the comparison of pattern of instability between experiment and
simulation for 0.1X at different instances for different electric fields. It is evident from
the figure that the instability pattern generated in the simulation is almost comparable to
that of experiment. In the experiment, when the applied electric field was increased above
threshold electric field, the amplitude of instability waves increased resulting in strong
pattern of instability. For electric field values much higher than the threshold filed, the
interface was pushed downward because of formation of a strong anticlockwise vortex
near the T-junction. The flow became chaotic and lost its periodic pattern of instability
waves at very high electric field. The results of the simulation were in compliance with
these experimental observations as shown in Fig. 3.22. Similar results were observed for
other ferrofluid concentrations also.
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20693
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Figure 3.22 Comparison between experiment and simulation results at different
electric fields for 0.1X ferrofluid.

3.6 Summary
The threshold electric fields found from the simulations for 0.1X, 0.2X and 0.3X
ferrofluid are summarized in Table 3.5 and plotted graphically in Fig. 3.23 along with
experiment results for comparison.
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Ferrofluid
Concentration

Threshold electric field
(V/m)

0.1X

9519

0.2X

8034

0.3X

7598

Table 3.5 Threshold electric field for each ferrofluid concentration obtained from
simulations employing conductivity difference.

Threshold electric field (V/m)

Threshold electric field Vs Concentration
21000
19000
17000
Experiment

15000
13000

Conductivity
Difference

11000
9000
7000
5000
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

Ferrofluid concentration (Volume fraction)
Figure 3.23 Variation of threshold electric field with ferrofluid concentration
obtained from simulations employing conductivity difference along with
experimental results.
The results show that numerical model employing conductivity difference underpredicts the threshold electric filed by almost half compared to experiments and hence
needs further analysis. But the trend of decrease in threshold electric field with increase
in concentration matches with that of experiment. Assumptions made in the current
model which might have significant influence on the results were further analyzed to
understand the reason for under prediction. Electrical permittivity and zeta potential of
ferrofluid were assumed to be same as that of water in the current model. Zeta potential is
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a complex quantity which depends on characters of wall and that of fluid. Moreover
employing variation of zeta potential will not generate free charges and hence don’t alter
the physics of instability, whereas permittivity variation will generate free charges. Hence
employing variation of permittivity to the numerical model was chosen as the direction to
extend the current study.
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CHAPTER FOUR
NUMERICAL SIMULATION EMPLOYING CONDUCTIVITY AND
PERMITTIVITY DIFFERENCE
4.1 Introduction
This chapter deals with computational study of electrokinetic instability between
ferrofluid and DI water employing difference in conductivity and permittivity. Electrical
permittivity, whose spatial variation will directly generate free charges in the presence of
an electric field are considered along with conductivity for this study. Since ferrofluids
are basically magnetic fluids, permittivity values are neither established nor can be
measured easily in lab. But it has been reported that Hematite (Fe3O4), material with
which magnetic nanoparticles are made of has higher electrical permittivity than water
(Rosenholtz and Smith 1936). Hence EMG 408 ferrofluid that contain 1.2% by volume of
nanoparticles is expected to have higher permittivity than water. For the current study
EMG 408 ferrofluid is assumed to have permittivity double that of water.
Firstly, the modified equations to accommodate permittivity difference are presented
along with the assumptions made. Then the numerical model created in COMSOL is
detailed. A theoretical analysis to gain insight of the mechanism of instability is done.
The results of simulations for three concentrations of ferrofluid 0.1X, 0.2X and 0.3X by
volume of 1.2% EMG 408 ferrofluid are presented and interpreted. Finally the threshold
electric field for each concentration is compared with experimental results.
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4.2 Governing Equations
The following set of governing equations which include the dielectric force to
capture the effects of permittivity difference was used. The Coulomb force term, in
momentum equation,

can be rewritten as

(

)

making use of Poisson

equation.
(

)

(4.1)
(4.2)
| |

(4.3)

(4.4)

4.3 Numerical Model
4.3.1 Computational Domain
A two-dimensional domain of main channel length 2mm and total side channel
length 0.7mm chosen for study is shown in Fig. 4.1.

Figure 4.1 Schematic representation of the microchannel geometry used for
numerical simulation.
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4.3.2 Initial and Boundary Conditions
The set of coupled equations Eq. (4.1) to Eq. (4.4) were solved numerically using
the following initial and boundary conditions.
Boundary conditions:
Inlet 1:

( )

Inlet 2:

( )

Outlet:
Wall:
Initial condition:
At t = 0:
4.3.3 Properties of Ferrofluid and DI Water
The properties of 1.2% original Ferrofluid (EMG 408) bought from the Ferrofluid
manufacturer, Ferrotec and that of DI water are listed in the Table 4.1. Table 4.2 lists the
values of constants used in simulation.
Property

EMG 408

Water

Unit

Density ( )

1070

1000

Kg/m^3

Dynamic Viscosity ( )

2e-3

1e-3

Pa*s

5314.5e-4

29.5e-4

S/m

Relative Permittivity ( )

160

80

No unit

Zeta Potential ( )

-0.05

-0.1

V

Electrical Conductivity ( )

Table 4.1 Properties of ferrofluid and DI water used in simulation employing
conductivity and permittivity difference.
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Property

Value

Unit

Permittivity of Free space ( )

8.85418e-12

C^2/J*m

1e-9

m^2/s

Diffusion Coefficient (D)

Table 4.2 Values of constants used in simulation employing conductivity and
permittivity difference.
Density and dynamic viscosity of EMG 408 are specified by the manufacturer.
Since ferrofluids are basically magnetic fluids, there are no established values for
electrical properties like electrical conductivity, permittivity and zeta potential. Electrical
conductivities of ferrofluid for different concentrations are measured experimentally
using Fisher Scientific™ Accumet™ AP85 pH/Conductivity Meter and it was found to
vary linearly with concentration. The permittivity of EMG 408 ferrofluid is assumed to
be twice that of water and the permittivity is assumed to vary linearly with concentration.
It was evident from the experiment that electroosmotic mobility of ferrofluid is lesser
than that of water which made ferrofluid to flow at a slower rate than water for an applied
electric field. The same trend was visible in numerical model employing conductivity
difference because of viscosity variation, even though zeta potential and permittivity are
assumed to be same. Since permittivity of ferrofluid is assumed to be twice that of water
for current study, it would affect the trend observed in previous study. Hence zeta
potential of ferrofluid is adjusted such that it has same mobility values as that of previous
study.
The concentrations that are used to demonstrate the electrokinetic instability in
the current work are 0.1, 0.2 and 0.3 times by volume of the original 1.2% Ferrofluid.
Since mixing happens in our case, we need to know the variation of density, viscosity
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(Wen et al. 2011), conductivity (from measurement), permittivity and zeta potential
(assumed) with concentration over the entire range. The variation of these quantities with
concentration is given by following expressions.
(
(

(

)

(4.5)

)

(4.6)

)

(4.7)

(
(

)

(4.8)

)
(

(4.9)
)]

(4.10)

where the subscript ‘f’ stands for ferrofluid and ‘w’ stands for water. Using the above
equations the properties of ferrofluid concentration used in the experiment were
determined and then same equations were used to model mixing.
4.3.4 Numerical Solver
The set of equations Eq. (4.1) to Eq. (4.4) were solved numerically using
boundary and initial condition in finite element based commercial solver COMSOL 4.3b
over the computational domain shown in the Fig. 4.1. Default transient solver is
employed. Simulations are carried out for three different concentrations of ferrofluid
namely 0.1X, 0.2X, and 0.3X times by volume of original 1.2% ferrofluid.
4.3.5 Grid Size and Time Step Selection
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Since this study is carried out by assuming a value for ferrofluid permittivity, no
separate grid size independence study was performed. The same mesh employed in the
previous study was used here to demonstrate the effect of permittivity gradients. Fig. 4.2
shows the mesh generated using COMSOL. Automatic time stepping was employed.

Figure 4.2 Mesh generated for numerical simulation in COMSOL.

4.4 Mechanism of Instability
Before deliberating the results of simulation understanding the mechanism of
instability based on theoretical analysis of body force term is carried out. The electrical
body force per unit volume in its component form is given by Eq. (4.11) and (4.12).
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| |

(4.11)

| |

(4.12)

where

and

represents the x and y components of body force,

and

represents the x and y component of electric field respectively and | | is the magnitude of
electric field. The first term is the Coulombic force and the second term is dielectric
force. To understand the physics of instability the nature of each term in the body force
expression need to be analyzed.
Understanding the nature of free charge density is the first step but using the
poisson equation for that is not straight forward. Expressing charge density in terms of
conductivity and permittivity gradient will enable to interpret its nature easily. Eq. (4.1)
used to calculate the electric field is expanded and rearranged to give Eq. (4.13).
(

)

(4.13)

Using the Poisson equation,
(

)

(4.14)

Substituting Eq. (4.14) in Eq. (4.13) and rearranging,
( )(

)

(4.15)

Eq. (4.15) expressing charge density in terms of conductivity and permittivity
gradient shows that free charges are generated whenever electric field is not orthogonal to
conductivity or permittivity gradient. Eq. (4.16) and (4.17) are extension of Eq. (4.11)
and (4.12) respectively where the deduced expression for charge density is employed.
[ ( )(

)]

| |
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(4.16)

[ ( )(

)]

| |

(4.17)

Expanding the dot product,
[ ( )(

)]

[

]

| |

(4.18)

[ ( )(

)]

[

]

| |

(4.19)

From the previous study it is found that the electric filed lines are mostly parallel
to the main channel so that

component is always small and hence the body force terms

are simplified as presented below.
[ ( )

]

[

[ ( )

]

[

]

]

(4.20)

(4.21)

(4.22)

(4.23)
where | |
body force,

(√

)

. The Eq. (4.20) shows that x component of electrical

has two parts. One is the contribution of conductivity gradient

the other is permittivity gradient

and

. The nature of these two terms at different instances

will be investigated. First the effect of

alone will be analyzed. At base state (t = 0sec)

there will be a sharp interface between ferrofluid and water so that conductivity and
permittivity gradient in x direction (

) are zero as depicted in Fig. 4.3(a).
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(a)

(b)
Figure 4.3 Schematic representations of base state at t=0 sec (a) and state at t > 0 (b)
at the junction for conductivity and permittivity difference.
When voltage is applied at both inlets electric field will be generated momentarily
and
(

will be non-zero. At this instance there will be no transverse diffusion of species
) since it takes some time for the species to diffuse. Thus

and

will

be zero at this stage. As time progress (t > 0), the electroosmotic velocity will be
developed and transverse diffusion of species takes place resulting in non-zero
conductivity and permittivity gradient in x direction inside the diffusion zone. A pictorial
representation of this state at time t > 0 is shown in Fig. 4.3(b). The diffusion zone is
greatly exaggerated for an easy understanding. Consider two regions y < 0 and y > 0 in
the diffusion zone. At y > 0, (

) will be positive and whereas at y < 0, (
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) will

be negative. In the top half

is negative and hence has a decelerating effect on the

flow while at the bottom half it is positive thereby accelerating the flow. So the net effect
of

would be an anticlockwise vortex being imposed near the junction. In contrast
is positive in top half and hence has an accelerating effect on the flow while at the

bottom half it is negative thereby decelerating the flow. So the net effect of

would

be a clockwise vortex being imposed near the junction. Thus the force due to
conductivity gradient is opposite in nature when compared to the force due to permittivity
gradient. The net force gives rise to instability and the interface deforms.
These instabilities are convected and the waves grow in size downstream. The
previous study showed that even after interface deformation,

dominates over

. The

interface deforms to form a wave like pattern and gets convected as shown in Fig. 4.4.
Consider two zones for a wave, namely fore region and rear region. At the fore region,
(

) will be positive whereas at the rear of a wave, (

) will be negative.

Figure 4.4 Schematic representation of convected instability waves at downstream
for conductivity and permittivity difference.
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In the fore half of the wave

is negative and hence has a decelerating effect on

the flow while at the rear half it is positive thereby accelerating the flow. In contrast
is positive at the fore half and hence has an accelerating effect on the flow while at the
rear half it is negative thereby decelerating the flow. So the net effect of these forces
would be either an extension or compression of wave in the longitudinal direction based
on their relative strength. The natures of these quantities are summarized in Table 4.3.
Considering the y component of body force

, the permittivity gradient along y

direction is negative at any instance and the net effect of

would be an overall force

along positive y direction. Since there is no imbalance in this force it will not contribute
to instability.

Region

Zone

Junction (t = 0)

y>0
y<0

Junction (t > 0)

y>0
y<0

Downstream

Fore
Rear

Table 4.3 Nature of different quantities responsible for instability at junction and
downstream considering conductivity and permittivity difference.
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4.5 Results and Discussion
A systematic approach similar to the previous study was carried out. The
simulations were carried out for a total time of 20 seconds for different concentrations of
ferrofluid with DI water for different applied fields. At low electric fields just diffusion
took place. When the field was increased instability happened but soon damped out.
Further increase in field resulted in sustained instability which was marked as the
threshold electric field. The threshold electric field for 0.1X, 0.2X and 0.3X were found
to be 9737 V/m, 8820 V/m and 8515 V/m respectively. The time evolution of instability
for different concentrations of ferrofluid at the threshold field is presented in Fig. 4.5.
No visible differences in the pattern of instability compared to previous study
were observed which indicates that conductivity gradient still dominates the system. The
threshold electric field for each concentration of ferrofluid is slightly higher compared to
previous study which confirms the results of theoretical analysis that the permittivity
variation will tend to suppress the instability generated due to conductivity variation.
Results of 0.2X at threshold field at t=0.1s and t=20s are further analyzed in detail.
Fig. 4.6 shows the concentration contour, velocity magnitude contour, electric
field streamlines, charge density contour and mixing efficiency contours for 0.2X at 8820
V/m after 0.1s. The transverse diffusion of species has just begun and the field lines are
parallel to main channel throughout the length. The region of water shows a slightly
higher velocity than ferrofluid as expected. Negative and positive charges are
accumulated at the top and bottom of the interface respectively near the junction which
signifies the dominance of conductivity gradient over permittivity gradient.
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Time (s)
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8
10
12
14
16
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Legend
Figure 4.5 Concentration contours of 0.1X, 0.2X, and 0.3X ferrofluid with DI water
for applied electric field of 9737 V/m, 8820 V/m and 8515 V/m respectively at inlet.
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(a)

(b)

(c)

(d)

(e)

Figure 4.6 Concentration distribution (a), velocity magnitude (m/s) (b), electric field
lines (c), charge distribution (C/m^3) (d) and mixing efficiency (e) for 0.2X at 8820
V/m after 0.1s.
These free charges give rise to Coulombic force by the action of Electric field and
are responsible for the onset of instability. This is in good compliance with the results of
theoretical analysis. The instantaneous mixing efficiency contour shows almost zero
mixing. Fig. 4.7 shows the results at 20s, an instance at which sustained instability
happens. The waves generated are periodic and orderly at this stage.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

Figure 4.7 Concentration distribution (a), velocity magnitude (m/s) (b), electric field
lines (c), charge distribution (C/m^3) (d), pressure distribution (Pa) (e), Electric
body force vectors (f) and mixing efficiency (g) for 0.2X at 8820 V/m after 20s.
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Analysis of different quantities at this stage will be helpful for the realization of
instability mechanism explained earlier. Fig. 4.7(d) shows negative and positive charges
being generated at the fore and rear of each wave respectively which again indicates the
dominance of conductivity gradient over permittivity gradient. These charges acted upon
by electric field generate the electrical body forces which are negative and positive at the
fore and rear of wave. Hence the fore of wave is decelerated and rear is accelerated as
evident from Fig. 4.7(b). A direct consequence of this phenomenon is regions of alternate
low and high pressure generated in the main channel having low pressure at each crest
and high pressure at each trough as evident from Fig. 4.7(e).
It is evident from Fig. 4.7(c) that y component of electric field is negligible. Fig.
4.7(g) shows the total electric body force vector (sum of coulomb force vector and
dielectric force vector). The effect of y component of dielectric force is clearly visible as
all the vectors are slightly diverted upwards. This is in good compliance with the results
of theoretical analysis that the y component of dielectric force will result in an overall
upward force everywhere and does not contribute to instability significantly. Fig. 3.13(g)
depicts the mixing efficiency which shows that there is almost 100% mixing achieved at
the end of main channel.

4.6 Summary
The results of simulation employing conductivity and permittivity difference are
summarized in Table 4.4 and plotted graphically in Fig. 4.8 along with experiment and
previous study for comparison.
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Ferrofluid
Concentration

Threshold Electric field
(V/m)

0.1X

9737

0.2X

8820

0.3X

8515

Table 4.4 Threshold electric field for each ferrofluid concentration obtained from
simulations employing conductivity and permittivity difference.

Threshold lectric field (V/m)

Threshold electric field Vs Concentration
21000
Experiment

19000
17000
15000

Conductivity
difference

13000
11000

Conductivity &
permittivity
difference

9000
7000
5000
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

Ferrofluid concentration (Volume fraction)
Figure 4.8 Variation of threshold electric field with ferrofluid concentration
obtained from simulations employing conductivity and permittivity difference along
with experimental and conductivity difference results.
The results show that numerical model employing conductivity and permittivity
difference still underpredicts the threshold electric field. The inclusion of permittivity
variation resulted in a maximum increase in threshold electric field of 12% for 0.3X
ferrofluid which is insignificant compared to experiment results. Hence other factors
which might affect the threshold field are explored in next chapter.
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CHAPTER FIVE
OTHER FACTORS INFLUENCING INSTABILITY
5.1 Introduction
This chapter begins with the study of electrophoretic behavior of magnetic
nanoparticles and their effect on threshold electric field. Then the magnetic field due to
current flowing through fluids and its influence on velocity of magnetic nanoparticles are
presented. Finally the effect of diffusion coefficient variation on threshold electric field is
deliberated.

5.2 Electrophoretic Behavior of Magnetic Nanoparticles
Movement of charged particles in a spatially uniform electric field is called
electrophoresis. Particles in contact with an aqueous solution acquire charges on their
surface that result in the formation of an electric double layer (EDL). Under uniform
electric field the particles have a tendency to migrate towards opposite charge electrode
and this motion is called electrophoresis. The net motion of particle is due to combination
of electroosmosis and electrophoresis. The electrophoretic component of particle velocity
is given by Eq. (5.1) (Hawkins et al. 2007).

(5.1)
where

is the electrophoretic velocity,

potential of particle,

is the permittivity of fluid,

is the electric field,
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is the viscosity of fluid and

is the zeta
is the

electrophoretic mobility. The zeta potential values for magnetic nanoparticles are not
available and hence a systematic study assuming a range of zeta potential values was
conducted to understand the effect of electrophoretic behavior of nanoparticles on the
threshold electric field. The previous models considered the zeta potential of particle to
be zero and hence electrophoretic velocity component was zero. In the current model
electrophoretic component of velocity calculated from Eq. (5.1) was multiplied with local
concentration before adding it to the flow field obtained by solving NS equations. The
total velocity was then fed into the conservative form of convection diffusion equation
since the total velocity will not be divergence free (Ivor and Srivastava 2011).
0.3X by volume of original EMG 408 ferrofluid was chosen for the study. A
series of simulations were carried out varying the zeta potential of particle from -50mV to
100mV at an increment of 10mV. A negative particle zeta potential represents the
movement of nanoparticles against the electroosmotic flow whereas positive value
signifies movement towards the flow. Simulations for zeta potential less than -20mV
resulted in a much lesser flow rate of ferrofluid and values more than 40mV showed
much higher flow rate. Those trends were contrary to experimental observations and
hence values from -20mV to 40mV were considered for the current study. Assumed
values of zeta potential and the corresponding threshold electric field from simulations
for 0.3X ferrofluid are tabulated in Table 5.1 and shown graphically in Fig. 5.1.
Figure 5.1 shows that the threshold electric field decreases as the zeta potential is
increased from -20mV, reaches a minimum around 25mV and then increases again. But
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the maximum change in threshold field on either side of 0V is less than 10% which is
insignificant compared to difference from experimental field.
Zeta potential of
Nanoparticles (mV)

Threshold electric field
(V/m)

-20

8296

-10

8034

0

7598

10

7292

20

7161

30

7161

40

7423

Table 5.1 Variation of threshold electric field with zeta potential of nanoparticles for
0.3X ferrofluid with DI water.

Threshold electric field (V)

Threshold electric field Vs Zeta potential
9000
8500
8000
7500
7000
6500
-30

-20

-10

0

10

20

30

40

50

Zeta potential (mV)
Figure 5.1 Variation of threshold electric field with zeta potential of nanoparticles
for 0.3X ferrofluid with DI water.

5.3 Magnetophoretic Behavior of Magnetic Nanoparticles
Potential difference applied between inlet and outlet of microchannel result in an
electric current flowing through ferrofluid and water which generates magnetic field
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inside and outside the microchannel. Ferrofluids being magnetic fluids will respond to
magnetic field generated due to current. The magnetic field was assumed to be negligible
in previous models, but when they are strong enough can influence the pattern of
instability and in turn affects the threshold field. Hence an estimation of the magnetic
field generated and magnetophoretic velocity imparted on nanoparticles will enable to
understand its dominance. Maximum current density was encountered in 0.3X case and
hence it was chosen for the study.
The direction of magnetic field follows the right hand thumb rule where the
curved fingers point the magnetic field direction when thumb points the direction of
current. In reality it is a three-dimensional phenomenon. But to reduce the computational
requirement and to get only an estimate of the magnetic field, a two-dimensional model
was considered. An arbitrary cross-section of microchannel A-A in the main channel
shown in Fig. 5.2 was modeled in COMSOL along with air space around the section as
shown in Fig. 5.3.

Figure 5.2 Arbitrary cross-section of microchannel chosen to study magnetic field
due to current.

84

Figure 5.3 Schematic representation of cross-section A-A along with air space
modeled in COMSOL.
To simplify the analysis, base state before the application of electric field was
considered for the study, where ferrofluid occupies the left half of microchannel and
water, the right half as shown in Fig. 5.3. Magnetic fields module in COMSOL was used
to generate the magnetic field using the values listed in Table 5.2 and magnetic insulation
specified along the outer edge of air space. The current density was obtained by
multiplying the threshold electric field with corresponding conductivities of ferrofluid
and water. Default stationary solver was used.

Properties

Electrical
conductivity
(S/m)

Relative
permittivity
(1)

Air

0

1

1

0

Water

29.5e-4

80

1

22.46

0.3X

1615e-4

80

1.15

1229.44

Relative
Current density
permeability
(A/m^2)
(1)

Table 5.2 Electrical and magnetic properties of air, water and 0.3X ferrofluid used
for simulation.
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Fig. 5.4 shows contour plot of magnetic field magnitude generated due to current
flowing through fluids, where magnetic field values are maximum near the walls of
microchannel and decrease on either side reaching zero at the center. This observation
was in compliance with theoretical formulas for magnetic field due to current carrying
circular cross-section wire.

Figure 5.4 Contour plot of magnetic field magnitude (A/m) (Left) and enhanced
image near microchannel cross-section (Right).
The magnetophoretic component velocity imparted on each nanoparticle because
of this magnetic field was quantified using the Eq. (5.2) (Watarai et al. 2004).
(

where

)(

is the magnetophoretic velocity vector and

)

(5.2)

is the magnetic field vector. The

other quantities in Eq. (5.2) and the values assigned to them for simulation are listed in
Table 5.3. The magnetophoretic component of velocity that the nanoparticle will
experience was calculated for the region within the microchannel and the maximum value
that occurs near the wall was found to be 2.21e-19 (m/s) as shown in Fig. 5.5.
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Quantity

Description

Value

Unit

Permeability of free space

1.256e-6

H/m

5e-9

m

Susceptibility of particle

1

No unit

Susceptibility of water

0

No unit

Viscosity of water

1e-3

Pas

Radius of Nanoparticle

Table 5.3 Values of different quantities used to calculate magnetophoretic velocity
on nanoparticle.
An approximate estimate of velocity component imparted by the electrical body
force term in NS equation for 0.3X ferrofluid at the threshold electric field was obtained
by subtracting the average electroosmotic velocity corresponding to threshold field from
the flow field obtained from the simulation. It was in the order of 1e-4 (m/s) which is
many orders of magnitude larger than the estimate of magnetophoretic velocity
experienced by nanoparticles. Hence the magnetic field due to current will have
insignificant effect on the pattern of instability and in turn on threshold electric field.

Figure 5.5 Contour plot of magnetophoretic velocity magnitude experienced by
nanoparticle inside microchannel.
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5.4 Variation of Diffusion Coefficient
The diffusion coefficient for spherical particles in fluids is given by the Einstein’s
model shown in Eq. (5.3).

(5.3)
where D stands for diffusion coefficient,
T is the temperature (300 K),

is the Boltzmann’s constant (1.38e-23 J/K),

is the viscosity of fluid (1e-3 Pas) and d is the diameter of

particle (10e-9 m). The diffusion coefficient calculated using Eq. (5.3) was 4.39e-11
(m^2/s). This model does not take into account the strong interparticular repulsion
between the nanoparticles due to presence of anionic surfactants that are responsible to
prevent agglomeration of particles in ferrofluid (Derec et al. 2008 and Meriguet 2005).
Hence in reality ferrofluids does not exhibit this small diffusion coefficient and the true
value need to be estimated experimentally.
To understand the effect of diffusion coefficient on threshold electric field a series
of simulations for diffusion coefficient values ranging from 4.39e-11 (m^2/s) to 1e-9
(m^2/s) were carried out for 0.3X ferrofluid and the results are elaborated. The diffusion
coefficient values chosen for study and the corresponding threshold electric field for each
case are tabulated in Table 5.4 and shown graphically in Fig. 5.6 along with experiment
results for easy comparison.
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Diffusion coefficient
(m^2/s)

Threshold electric field
(V/m)

4.39e-11

8908

3.63e-10

8340

6.83e-10

7947

1e-9

7598

Table 5.4 Variation of threshold electric field with diffusion coefficient for 0.3X
ferrofluid with DI water.
There is a clear trend of increase in threshold field for decrease in diffusion
coefficient. The threshold field was found to be maximum for the diffusion coefficient
calculated using Einstein’s model and the change is around 17%. But ferrofluids are
expected to have higher diffusion coefficient than this. Hence the deviation of diffusion
coefficient value used in the simulation from the real value in the experiment cannot be
the major reason for the under predicted threshold field by the computational model.

Threshold electric field (V/m)

Threshold electric field Vs Diffusion coefficient
18000
15000
Experiment

12000

Simulation

9000
6000
3000
0
0.00E+00

2.50E-10

5.00E-10

7.50E-10

1.00E-09

Diffusion coefficient (m^2/s)
Figure 5.6 Variation of threshold electric field with diffusion coefficient for 0.3X
ferrofluid with DI water.
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5.5 Summary
The effects of electrophoretic and magnetophoretic behavior of nanoparticles, and the
diffusion coefficient deviation on the threshold electric field were studied systematically.
These factors were more unlikely to be the main reason behind under predicted threshold
electric field by the current computational model.
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CHAPTER SIX
CONCLUSIONS AND FUTURE WORK
This work demonstrated the electrokinetic instability in ferrofluid flows with
experiments and numerical simulations. The second chapter investigated experimentally
the instability phenomenon by varying the applied DC electric field for different
concentrations of ferrofluid with DI water. The difference in electrical properties between
ferrofluid and DI water was found to be the major reason for the onset of instability. At
sufficiently high electric field, electrical forces in bulk fluid dominate over dissipative
effects and resulted in periodic pattern of instability waves being convected downstream.
This electric field was designated as threshold electric field for instability and reported
for different concentrations of ferrofluid. They are considered to be useful in an
engineering stand point and act as guideline for process design of various microfluidic
lab-on-chip applications. It was observed from the experiments that threshold field
decrease with increase in concentration of ferrofluid.
In chapter 3, a two-dimensional transient numerical model generated in COMSOL
to simulate the instability phenomenon based on electrical conductivity difference
between ferrofluid and DI water was explained in detail. The conductivity values for
different ferrofluid concentrations employed in the simulation were measured in the
laboratory and found to be varying linearly with ferrofluid concentration. Simulations
carried out for different ferrofluid concentrations varying the electric field resulted in
instability patterns similar to experiments. Free charges were found to be generated in the
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interface between ferrofluid and water and the action of electric field on these charges
caused instability. The numerical model was able to reproduce the trend of decrease in
threshold electric field for increase in ferrofluid concentration observed in experiments.
But the numerical model was found to under predict the threshold electric field by almost
half.
In chapter 4, a numerical model employing electrical permittivity difference along
with conductivity difference was presented. Theoretical analysis showed that the
permittivity difference will have a stabilizing effect on instability induced by
conductivity difference. Permittivity values for ferrofluid are not available and hence
assumed to be twice as that of water to investigate the trend on effect of permittivity
difference. It was observed that inclusion of permittivity variation to the numerical model
resulted in an insignificant increase (maximum 12% for 0.3X) in the threshold electric
field.
In chapter 5, discussions on electrophoretic and magnetophoretic behavior of
nanoparticles in ferrofluid and diffusivity variation effects on instability were
investigated one at a time methodically.

Results indicated that these effects were

insignificant and cannot be the key factor behind the numerical model under predicting
the threshold electric field.
This study can be continued in several different directions. Improvements that can
be done to numerical model to match the experimental results will be discussed before
exploring the avenues of further extension of electrokinetic instability studies. The
current numerical model assumes same value of zeta potential for ferrofluid and water.
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Being a complex parameter, zeta potential depends on lot of factors. Implementation of
an experimentally measured value of zeta potential will enhance the current model.
Finding the real permittivity values for ferrofluid and incorporating them can further
contribute to the betterment of results. Generating a more realistic three-dimensional
numerical model can be a worthy direction to proceed. The walls in the third dimension
were supposed to have a stabilizing effect in the instability and hence a three-dimensional
model can capture its effect on flow. The optimization of numerical schemes and solver
used can lead to efficient computational performance. Modeling ferrofluid as a colloidal
suspension of magnetic nanoparticles in carrier fluid (water) will be a computationally
extremely challenging yet a comprehensive approach. Developing a personal code that
can simulate the electrokinetic instability will give access to better control of simulation
in addition to being a great learning experience.
A linear stability analysis of the equations governing instability can be performed
to deepen the understanding of mechanism of instability. Application of AC electric field
along with DC field and its influence on pattern of instability will be another interesting
area to explore. Effects of microchannel shape and depth on threshold electric field can
also be studied. Application of magnetic field along with electric field will induce
Lorentz force on nanoparticles which opens up a whole new area to analyze.
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